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Abstract
Adsorption to a chelating resin is a method for recovering heavy metals from wastewater containing very light quantities of
heavy metals (B0.3 mol m3, which approximately corresponds to 20 ppm). A thermodynamical study in a closed vessel showed
that equilibrium is well represented by a Langmuir isotherm. Adsorption kinetics in a continuous stirred tank reactor were also
conducted. Experiments were simulated by a global kinetics model comprising mass transfer in a liquid film around the resin
particles, with diffusion through the pores and reaction on the adsorption sites. Kinetics has been found to be limited by film mass
transfer for all metals studied (Cu2, Ni2, Co2 and Zn2). The mass transfer coefficient kL was found to be around 10
4 m
s1. Adsorption of heavy metals was then carried out at mini-pilot scale. Problems due to a decrease in particles mean radius
during the adsorption prompted us to use a fluidized bed. It is also possible with this reactor to treat solutions containing
suspended solids which would clog fixed beds. The decrease in particle radius (or increase in apparent density of the resin)
produces a contraction of the fluidized bed: unloaded particles remain at the top of the bed and a density gradient appears
throughout the column, leading to a stabilization of the fluidized bed. The measured phenomenon is well described by a liquid
plug flow model with immobile resin in the column. As for the adsorption in the continuous stirred tank, the Langmuir model
and the kinetics limited by film mass transfer were considered. The mass transfer coefficient kL was adjusted to a value around
105 m s1. © 1998 Elsevier Science S.A.
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1. Introduction
This work is involved in the development of a new
process for the recovery of heavy metals with a chelat-
ing resin [1]. Shrinking of the resin during adsorption
prompted us to use a fluidized bed reactor instead of a
fixed bed [2]. An application in a fluidized bed reactor
requires a good understanding of the equilibrium and
kinetics properties of the adsorption. Helfferich [3] has
shown that the kinetics of adsorption can be described
by three kinetics resistances. These are: mass transfer
from bulk liquid to the outer surface of the particle
(external mass transfer), diffusion into the pores of the
particle (internal diffusion) and the chemical reaction
on the chelating site. The global adsorption rate can be
limited by one or more dominating steps and the other
steps can be of less significance. The most important
thing is to identify the kinetics limiting step and to
measure the kinetic parameters. For instance, Juang
and Lin [4] show that the adsorption of copper on a
modified macroporous Amberlite XAD resin is limited
by pore diffusion. However, they identify that the ad-
sorption of zinc on the same resin is dominated by a
coupling of pore diffusion and chemical reaction [5].
Rao and Gupta [6,7] present batch experiments where
they interpret copper adsorption on the chelating resin
Chelex 100 as limited by external mass transfer when
the initial metal concentration c025 ppm. They as-
sume a pore diffusion limitation for a metal concentra-
tion of 100 ppm and they reach the same conclusions
with the adsorption of cadmium for slightly different
concentrations c0.
The aim of the present paper is to develop a complete
model which considers the three resistances. The model
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will be simplified in identifying one or two limiting
steps. Then the parameters of the model are determined
by optimisation, either by existing correlations or by
separate experiments. Several authors proposed the
complete or simplified kinetics model for adsorption on
solid particles [3,8–10]. We will refer to the paper of
Horstmann and Chase [11] for the mathematical for-
malism developed for the adsorption of immunoglobu-
lin on a Protein A fixed on an agarose matrix.
The kinetic model discussed in the first part of the
paper will next be applied to the adsorption of metal in
a fluidized bed reactor. Most authors in the literature
use a plug flow model for fixed bed applications. For
instance, Biscans [12] applies this model for the fixed
bed adsorption of copper on a Duolite C20D resin.
Hydrodynamics characterisation of a fluidized bed is
more delicate than for a fixed bed. Slater [10] assumes
that liquid axial dispersion depends on the equipment
scale and notices a great lack in the literature about this
topic. He proposes a simultaneous experimental investi-
gation on hydrodynamics and kinetics to get a realistic
view of the process. Biscans [12] and Bascouls [13] think
that a plug flow model gives a good description for the
liquid phase behaviour.
For several authors [9,13], the solid phase is dominat-
ing the behaviour of a liquid–solid fluidized bed. The
literature emphasizes three distinct ways to consider the
‘non ideality’ of the fluidized beds.
 The non ideality of the fluidized bed is included in a
liquid axial dispersion coefficient. Draeger and
Chase [14] complete the adsorption of BSA on the
Q-Sepharose resin in a fluidized bed. They use the
plug flow model and propose to introduce liquid
axial dispersion to improve the simulation. Hwang
and Lu [15] apply a dispersive model to fixed,
fluidized and semi-fluidized beds. They unfortunately
do not give the liquid axial dispersion coefficient
used in the model. Ito et al. [16] present a dispersive
model for the adsorption of uranium in a circulating
fluidized bed that they divide in slices. The number
of slices, going from 1 to 30 depending on the
simulations, does not affect the results significantly.
The use of a liquid axial dispersion coefficient to
simulate a fluidized bed is questionable, even if the
simulation is good: one cannot ignore the solid
behaviour, a priori.
 Particles, axial mixing along a fluidized bed column,
can be described on the basis of random movements
comparable to diffusion phenomena and can be in-
terpreted by Fick’s law comprising a solid axial
dispersion coefficient. Van der Meer [17] proposes a
correlation which binds the axial dispersion coeffi-
cient to the superficial liquid velocity. Veeraraghavan
and Fan [9] consider the liquid and solid axial dis-
persion to modelize fluidized beds, although they
notice a liquid plug flow behaviour. They suggest
however, to maintain the liquid axial dispersion term
in order to stabilize numerical calculations.
 Bascoul [18] gives a quantitative description of the
organized movement of the solid linked with the
superficial velocity in a fluidized bed: the solid goes
up in the middle of the column and goes down along
the walls. For shallow beds, the solid behaviour
corresponds to that of a CSTR. Several authors
[2,12,19–21] consider a complete mixing of the solid
phase, while the liquid phase is modelized by a plug
flow (plug flow model with back mixing of the solid).
Carre`re [22] also adds the contribution of liquid
axial dispersion to that model. Gailliot et al. [23] and
Gu¨beli [24] go further in the simplification of the
model and consider the fluidized bed behaviour (liq-
uid and solid phase) to be the same as that of a
CSTR (stirred tank reactor model).
2. Materials and methods
2.1. Adsorbent
The resin used for our application is the Chelamine
Standard® (JPS-Chimie, Neuchaˆtel, Switzerland). It is
synthesized using a polyacrylamide gel and te-
traethylene pentamine chelating groups [25]. Before
each use, the resin is treated in a fixed bed with a
solution of sulfuric acid (pH 1.0), then washed with
demineralized water. In further steps, the resin under-
goes a regeneration with a sodium hydroxide solution
(pH 11.5) and a wash with demineralized water until a
defined pH (pH0) in the effluent is obtained. If not
mentioned otherwise, pH011.0. For equilibrium and
kinetics experiments, the resin was dried during 24 h at
60°C.
The mean radius of the particles rp was measured by
laser diffraction (Particle Sizer 2600 E, Malvern Instru-
ments, England) for unloaded and loaded resins. The
porosity of the particles was determined by the mea-
surement of the residence time distribution of two void
volume markers in a fixed bed: Dextran T2000 (Phar-
macia LKB, Uppsala, Sweden) was used to measure the
void volume between the resin particles and b-D( )
glucose (Sigma, St. Louis) giving the total void volume
in the fixed bed. The porosity of the fixed bed of resin
o0 and the particle porosity op were estimated from the
experimentally obtained mean residence times of the
tracers.
Table 1 gives a summary of the physical properties of
the resin Chelamine (unloaded and loaded resin).
The apparent density of the resin rap was calculated
using the Schiller-Naumann [26] correlation and the
mass of dry resin per unit volume of swollen particle rp.
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Table 1
Physical properties of the resin Chelamine
ArchimedesrpParticle mean radius Particle porosity rapFixed bed porosity
o0rp 10
4 (m) (kg m3)op number(kg m
3)
0.8190.01 158.493.6 3096Unloaded resin 106492501.73090.003 0.3390.003
1195952039917—Loaded resin ——1.31890.0005
(Cu2)
2.2. Adsorbate
The metal cations were used as sulfates purchased
from Fluka AG (Buchs, Switzerland). As industrial
waste waters are not buffered, heavy metal solutions
contained only hydrated metal salts.
2.3. Adsorption equilibrium studies
A quantity of dry resin m (0.4103 kg) and a
volume V (4105 m3) of metal solutions, with initial
concentrations c0, were put in a plastic flask. The vials
were stirred in a constant temperature bath at 20°C for
24 h. The equilibrated solutions were filtered and
analysed by atomic absorption spectrometry, which was
used to determine their equilibrium concentrations c*.
The equilibrium solute concentration q* on the solid
was calculated by the mass balance.
2.4. Adsorption kinetics
Continuous stirred tank reactor (CSTR) and
fluidized bed adsorption experiments were conducted in
the same installation (Fig. 1), this which included the
adsorption reactor (CSTR or fluidized bed), two tanks
located 14 m above the reactor and a samples collector.
One tank was filled with demineralized water and the
other one contained the metal solution. The flow rate Q
was regulated by a valve, whose stability was checked
with a rotameter. The inlet flow and the reactor were
thermostated at 20.0°C, with a heat exchanger and a
double jacket, respectively. The reactor contained a
quantity m of resin, which was washed with demineral-
ized water and the experiment started when valve 1 was
switched. The liquid leaving the reactor passed through
a sampling system. The concentration c of each sample
was analysed by atomic absorption spectrometry. The
solution was then collected in a retention tank.
The glass CSTR had a volume of 3.6104 m3
(6.6102 m inner diameter) and it was mechanically
stirred by an impeller (3.3102 m diameter). The
residence time distribution of a tracer (step injection)
showed that this reactor can be considered as an ideal
CSTR, for an adsorption duration of about 4 h.
2.5. Fluidized bed adsorption
The fluidized bed column (Fig. 2) (5.2102 m
inner diameter) comprised up to five Plexiglas elements
(0.102 m height). Underneath the very bottom of the
column was a distributor filled with glass beads (mean
radius: 2.1103 m), which was covered with a 40 mm
filter. An identical filter prevented small resin particles
from leaving the column. Temperature was measured
every 10 cm from the bottom to the top of the column
and a value of 20.090.5°C was always guaranteed.
3. Experimental results and discussion
3.1. Adsorption equilibrium study
Equilibrium isotherms were measured for the adsorp-
tion of four metals on the resin Chelamine: copper,
nickel, zinc and cobalt. The adsorption of a metallic
cation M2 on a chelating resin can be represented by
the following equation:
RM2 X
kf
k r
RM2 (1)
The model implies a second-order reversible interac-
tion, where R is a free adsorption site and RM2 an
occupied site. The parameters kf and kr are the forward
and reverse rate constants. The rate of adsorption is
given by the balance for the batch system:
dqi
dt
kfci(qmqi)krqi (2)
where ci and qi represent the solute concentrations in
the liquid pore and in the resin and qm is the maximum
capacity of the resin. If the mass action law is applied
to Eq. (1), the Langmuir isotherm model is obtained:
q*
qm

c*
Kdc*
(3)
where c* and q* are the equilibrium metal concentra-
tions in the solution and on the resin, respectively; Kd is
the dissociation constant given by:
Kd
kr
kf
(4)
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Fig. 1. Schematic diagram of experimental apparatus.
The adsorption isotherms obtained were found to fit
well to the Langmuir expression (Eq. (3)). An analysis
of the obtained parameters leads to the following re-
sults: the resin capacity qm is between 0.8 and 1.0 mol
kg1. The dissociation constant Kd is of the same order
(102 mol m3) for all different metals studied: The
equilibrium is very favourable in all cases. CSTR and
fluidized bed experiments dealt with solutions contain-
ing less than 0.3 mol m3. The use of the whole
Langmuir model is required to represent the equi-
librium.
The Langmuir isotherm for the adsorption of copper
to the resin Chelamine, shown in Fig. 3, gives a dissoci-
ation constant Kd of 0.007 mol m3 and 0.97 mol kg1
for the resin capacity. For instance, as the resin load is
80%, the equilibrium copper concentration in solution
is still very low (0.03 mol m3 or 1.9 ppm), due to the
very favourable equilibrium behaviour.
3.2. Adsorption kinetics
Fig. 4 shows a typical response to a stepwise concen-
tration change at the inlet of the CSTR. The metal
concentration is related to the inlet value and the time
is related to the mean residence time, defined with the
molar capacity of the resin as follows [27]:
f
c
c0
; u
t
tm

Qc0t
mq0
(5)
where c0 is the inlet concentration and c is the bulk
concentration. The mean residence time tm is the ratio
between the total molar capacity of the resin and the
inlet molar flow rate. Q is the flow rate; m is the mass
of the resin. q0, the metal concentration on the resin, is
calculated with the following formula:Fig. 2. Schematic diagram of the fluidized bed reactor.
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Fig. 3. Equilibrium isotherm for the adsorption of copper by the resin Chelamine.
q0
Q
m
&
0
(c0c) dttc0

(6)
The space time t is:
t
orV
Q
(7)
Operating conditions for the results, shown in Fig. 4,
are detailed in Table 2. At the beginning of the run, the
concentration f changed to a value of 0.06 and then
increased gently until the end of the run, where the
curve adopts an ‘s’ shape, which indicates the satura-
tion of the resin.
The global kinetic model describes the adsorption of
a metallic cation M2 in solution by a porous chelating
resin. We assume that the resin particles are spherical
and that their radius rp and density rp are uniform. The
global kinetics process comprises three steps considered
as three resistances:
1. Mass transfer of M2 from the bulk of the solution
to the surface of the particle. The mass transfer rate
is proportional to the concentration linear gradient
between the bulk and the surface concentrations.
The proportionality factor is the external transfer
coefficient kL.
2. Diffusion of M2 in the liquid of the resin pores.
The phenomenon is described by the first Fick’s law,
where the important parameter is the effective diffu-
sion coefficient D e. This coefficient, which does not
depend on concentration, includes the diffusivity
coefficient at infinite dilution DL, the internal poros-
ity op and the effect of the pores tortuosity.
3. Complexation reaction on the chelating sites. This
step has already been presented in the equilibrium
study above by Eq. (2).
At the surface of the particle, at distance r from the
centre of a particle, the rate of external mass transfer
through the film relates the bulk concentration to the
pore liquid concentration at the surface of the particle.
rrp D e
dci(rp)
dr
)
r p
kL(cci(rp)) (8)
At the centre of the particle, the symmetry of the
system implies:
r0
dci(0)
dr
)
0
0 (9)
A differential mass balance on M2, at distance r
from the centre of a particle and at time t, leads to:
op
(ci
(t
D e
(2ci
(r2

2
r
(ci
(r

rp
(qi
(t
(10)
where rp is the mass of dry resin per unit volume of
swollen resin. Adsorption in a continuous stirred tank
reactor is described by the following mass balance:
dc
dt

1
t
(c0c)
kLa
or
(cci(rp)) (11)
The initial condition (t0) of the concentration c, in
Eq. (11), is set at zero.
If the liquid inside the particles is neglected, com-
pared to the total CSTR volume V, the reactor porosity
or becomes:
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Fig. 4. Adsorption of nickel to the Chelamine resin. Model with external transfer limitation; influence of the dissociation constant Kd on the
adsorption kinetics of nickel; kL9.7410
5 m s1, c00.3185 mol m
3, Q1.074106 m3 s1, m0.00211 kg.
or1
m
Vrp
(12)
The surface of the particles per reactor unit volume a
and the number of particles present in the reactor np are
defined by, respectively:
a
4pr2pnp
V
(13)
np
3m
4pr3prp
(14)
Numerical solutions of the differential equations for
the different models developed here, were obtained with
the software Simusolv (Dow Chemical, Midland, MI).
The integration method used was a Gear algorithm
(BDF-DIFSUB) with variable step and order.
The typical adsorption result shown in Fig. 4 is
analysed with the global kinetic model, by assuming
that only one of the three resistances governs the
adsorption rate: the model parameters of the other two
resistances are fixed to suitably high values.
Evaluation of the experimental result shows that the
external mass transfer is rate limiting. The precision of
the results is improved by calculating the number of
particles np, with the radius of the unloaded particle rp
(1.730104 m) and the surface of the particles per
reactor unit volume a with the average radius between
loaded and unloaded particles (1.524104 m, Table
1).
The model with an external transfer limitation gives
an excellent representation of the experimental data
(Fig. 4). It shows a high sensitivity to the parameters Kd
and kL. The validity of the model with external mass
transfer limitation has been extended to the adsorption
of different heavy metals to resin Chelamine. Table 2
gives the experimental conditions and the adjusted
model parameters for the metallic cations tested, which
are copper, nickel (already discussed), cobalt and zinc.
Figs. 5 and 6 show experimental results and expected
results for the various metallic cations.
The dissociation constant Kd is estimated for each
experiment. Kd, determined from experiments is in good
agreement with values obtained from equilibrium mea-
surements. The values are dependent on the pH values.
The CSTR procedure developed here was considered
for the experimental determination of constant Kd. kL
for all runs was very close and the mean value was
kL0.96104 m s1. The kL values are in accor-
dance with those given in the literature.
Table 2
Parameters for CSTR experiments; adsorption to the resin Chelamine
Cu2 Co2Zn2Ni2
0.323 0.350c0 0.3200.319
(mol m3)
1.1821069.19107Q 1.074106 1.125106
(m3 s1)
11.0 11.0 9.5pH0 9.5
0.831.16 0.95 0.86q0
(mol kg1)
0.00820.00730.0067 0.0109Kd
(mol m3)
16.2DaI 13.1 16.3 17.2
m0.00211 kg; kL7.010
5 to 1.1104 m s1.
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Fig. 5. Adsorption of copper in a CSTR; Kd0.0067 mol m
3, kL7.1 10
5 m s1, c00.323 mol m
3, Q9.194107 m3 s1,
m0.00211 kg.
The adsorption rate for low concentration heavy
metal solutions to the resin Chelamine is governed by
external mass transfer and the parameter to consider is
the mass transfer coefficient kL. The coefficient kL can
be integrated in a more general parameter, the
Damko¨hler number I, defined as the ratio of the resi-
dence time t to the characteristic time of the mass
transfer:
DaI
kLat
or
(15)
With an adsorption model of external transfer limita-
tion, the concentration profile at the outlet of a CSTR
is fully described by the parameters DaI and Kd. The
number DaI, determines the height of the initial plateau
of the f-curve. A large DaI (high transfer rate com-
pared to residence time) will lower the plateau of the
f-curve and thus, minimize metal loss at the outlet of
the reactor. Notice that the surface between the curve
where DaI0 (kL0) and any other simulated curve
is equal to 1.
The dissociation constant Kd has an effect on the ‘s’
shape of the f-curve (Fig. 4). An unfavourable equi-
librium (high value of Kd), tends to distort the ‘s’ in
stretching the f-curve in time and thus, to raise the
plateau at the beginning of adsorption. The importance
of a favourable equilibrium in an adsorption process is
easily seen here.
The stability constants of complexes of heavy metals
to the Chelamine resin gave the following sequence for
CSTR experiments:
Cu2\Ni2\Zn2\Co2
The same sequence was obtained for complexes of
heavy metals to tetraethylene pentamine (chelating
group of the Chelamine resin) at T20°C [28].
Blain et al. [29] obtained a comparable sequence
from the adsorption of a mixture of copper, nickel and
zinc to the resin Chelamine. Schmidt [2] confirmed this
result for batch isotherms with solutions containing
NaNO3 (0.2 M).
Harriott [30] determined a mass transfer coefficient in
a batch stirred tank for the neutralisation of the resin
DOWEX 50 WX8: for a particle with a mean radius of
1.5104 m, the coefficient kL was 1.20104 m
s1. Metzdorf [31] reproduced this ion exchange reac-
tion under the same conditions in a CSTR and ob-
tained a kL value of 1.08104 m s1. Rao et al. [7]
described the adsorption of Cd2 and Pb2 on the
resin Chelex 100 in a batch system (350 min1). For
low initial concentrations of c0 (10 ppm for Cd2 and
82 ppm for Pb2), the coefficients kL were 3.6 105
and 5.5 105 m s1.
The mass transfer coefficient kL determined for the
system Chelamine:M2 has the same order of magni-
tude as those obtained for other ion exchange systems.
3.3. Fluidized bed adsorption
The adsorption behaviour of copper in conjunction
with the resin Chelamine in a fluidized bed is character-
ized in Fig. 7. The same adsorption was repeated under
similar experimental conditions (Runs 1–4) which are
P. Menoud et al. : Chemical Engineering and Processing 37 (1998) 89–10196
Fig. 6. Adsorption in a CSTR of zinc, Kd0.0082 mol m
3, kL1.08410
4 m s1, c00.320 mol m
3, Q1.125 106 m3 s1,
m0.00211 kg and cobalt, Kd0.0109 mol m
3, kL1.0610
4 m s1, c00.350 mol m
3, Q1.182106 m3 s1, m0.00211 kg.
given in Table 3. During 30 h (uB0.9) before the
breakthrough, the outlet concentration was far below
Swiss water quality standards (0.5 ppm for copper) [32]:
it tended towards values approaching the detection
limit of the analysis method used (102 ppm). The
curve then adopts an ‘s’ shape, as for CSTR adsorp-
tion, and finally reaches a plateau corresponding to the
saturation of the resin. Notice that, for instance in Run
2, 0.11 m3 of copper solution (concentration c00.302
mol m319.2 ppm) was purified to better the water
quality standard in about 30 h.
Fig. 7 shows the good reproducibility of adsorption
experiments carried out under similar experimental con-
ditions. The first three runs corresponded to three
consecutive resin utilisation cycles: at the end of each
adsorption, the resin was submitted to an acid desorp-
tion and an alkaline regeneration. The resin Chelamine
stood up well to these experimental conditions with no
loss of capacity qm and no evident difference in the
adsorption profiles observed. The little differences con-
cerning the ‘s’ shape of the breakthrough curve arise
certainly from small hydrodynamic instabilities of the
fluidized bed.
At the beginning of the adsorption (1–2 h), the
progress of a concentration front was visually observed
upwards through the bed: loaded particles (blue) stayed
at the bottom of the bed, while the resin above the
front remained yellow (unloaded particles). All the resin
particles became green after a certain time, turning
dark blue later. Thus, it was possible to follow the
adsorption by the colour change of the resin only
during the initial stage of the experiment.
A decrease in the fluidized bed height with the pro-
gress of adsorption was observed. The bed height, h
was 3101 m for run 2 at the start of the adsorption
and it was 2102 m shorter after 2 h of running. At
the breakthrough point (after 30 h), the fluidized height
was only 6102 m and the corresponding settled bed
height was 5102 m (the initial settled bed height h0
was 1.55101 m). The stratification of the fluidized
bed was due to the contraction of the resin particles
during the metal adsorption. As already mentioned in
Table 1, a difference of 25% in the resin mean radius is
observed between the unloaded and loaded particles.
The apparent density of resin thus increased when the
particles were loaded and it corresponds to an increase
in the Archimedes number for the loaded particles of
about 25. This favourable behaviour of the Chelamine
resin in the physical properties allows stabilisation of
the fluidized bed, even at very low flow rates (5104
m s1).
The decrease in the particles mean radius during
metal adsorption resulted in the change of several
parameters that the models considered constant:
 The Archimedes number increased and the bed
height decreased. The affected parameters are:
porosity or and volume, V of the reactor (included in
the residence time t).
 The decrease in particles mean radius rp reduced the
surface of the particles per reactor unit volume a and
increased the apparent density rap.
Therefore an average value of radii between loaded
and unloaded particles was used to calculate the surface
a.
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Fig. 7. Adsorption of copper to the resin Chelamine in a fluidized bed (Run 1 to 4) (Table 3).
The adsorption of heavy metals (low concentrations)
to the resin Chelamine is governed by external transfer
in a CSTR reactor. External mass transfer is, however,
sensitive to hydrodynamic conditions and convection is
smaller in a fluidized bed than in a CSTR with strong
mechanical stirring. It can reasonably be concluded
that the kinetic limiting phenomenon in a fluidized bed
reactor is a fortiori external transfer and that kL values
are lower than those obtained for CSTR adsorption.
All the hydrodynamic models developed below are now
applied with external transfer kinetics.
Three models of the reactor can be considered:
(1) Complete back mixing of the liquid and solid,
which is the stirred tank reactor model
Adsorption in a continuous stirred tank reactor is
described by Eqs. (11)–(14), already presented in the
CSTR studies.
(2) Nearly plug flow of the liquid and a complete
back mixing of the solid, which is the plug flow model
with back mixing of the solid.
The equation of continuity in the mobile phase is
given by:
u
(c
(z
 (1or)rp
(q
(t
 or
(c
(t
(16)
This partial differential equation is replaced by a set
of ordinary differential equations following the finite
differences method. The backward definition of the
finite differences represents the jth slice of the column
divided in N slices and with a multiplication by (V:
N):
Q(cj1cj)
m
N
dqj
dt
or
V
N
dcj
dt
(17)
A mass balance of the liquid in the column gives the
value of the metal concentration on the resin q(t),
which does not depend on the position in the column.
m
dq(t)
dt
Q(c0cN)or
V
N
%
N
j1
dcj
dt
(18)
This equation is solved simultaneously with Eq. (17).
(3) Nearly plug flow behaviour of the liquid with no
back mixing of the solid, which is the plug flow model.
The partial differential equation is given by Eq. (17).
For the plug flow with back mixing of the solid and
plug flow models, all initial concentrations are equal to
zero, except cj1 in slice 1 (N1) which is equal to c0.
Fig. 8 represents the plug flow and the plug flow with
back mixing of solid reactor models developed in this
section.
Table 3
Parameters for fluidized bed experiments; adsorption of copper to the
resin Chelamine
Run 4321
0.2800.308 0.303c0 0.302
(mol m3)
9.141071.247106Q 1.053106 9.94107
(m3 s1)
11.0 10.9 11.4pH0 10.8
1.04 0.931.06q0 1.11
(mol kg1)
0.1500.155 0.1400.149h0 (m)
0.2750.300h (m) 0.2900.310
DaI 55.0 31.723.2 35.0
m0.03411 kg; kL1.0–2.010
5 m s1; Kd0.0067 mol m
3.
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Fig. 8. The plug flow model and the plug flow model with back mixing of the solid.
Fig. 9 compares the three models developed for the
representation of the fluidized bed adsorption of metal
to the resin Chelamine: the stirred tank model, the plug
flow with back mixing of the solid model and the plug
flow model; the kinetics, in each case, described by an
external transfer limitation model (kL2.0105 m
s1).
The first model can be ruled out because the initial
outlet concentration versus time is too small compared
with the stirred tank model as shown on Fig. 9. The
second model leads to a gradual increase of outlet
concentration with time, which was not observed. The
third model, with relatively low dispersion and no back
mixing of the solid can describe the experimental re-
sults.
The plug flow model was applied to the four runs
presented in Fig. 7. Table 3 gives a summary of the
estimated parameters.
The parameter kL, which has a value between 1.0
105 m s1 and 2.0105 m s1, is roughly five
times lower than those obtained for CSTR adsorptions.
It is not surprising since fluidized bed hydrodynamic
conditions are much softer than CSTR mechanical
stirring.
Numerous correlations to estimate the mass transfer
coefficient kL in a fluidized bed are found in the litera-
ture [33–36]. The coefficients kL calculated for Run 2
conditions with different correlations had the same
order of magnitude as the values obtained with the plug
flow model simulations.
The plug flow model is usually used for fixed bed
experiments: the liquid phase behaves as a plug flow
and the solid phase is totally immobile. This model
does not consider liquid or solid phase dispersion phe-
nomena. Nevertheless, it fits very well to the experimen-
tal concentration profile, except near the saturation
zone where the simulated concentration f goes up dras-
tically to 1. The plug flow model was chosen for the
fluidized bed adsorption of heavy metal to the resin
Chelamine.
Gu¨beli [24] studied the fluidization of resins with
radii distributions. Particles with a large radius re-
mained at the bottom of the column while particles
with small radius went to the top of the bed. A wide
radii distribution tends to stratify the fluidized bed and
also to minimize solid axial dispersion effects, as it was
shown for the resin Chelamine. This is particularly true
for small bed expansions.
Moritomi et al. [37] showed that the segregation of a
binary fluidized mixing (for instance the loaded and
unloaded Chelamine particles) depends on the mean
radius rp, on the apparent density rap of each particle,
on the superficial velocity u and on the liquid density r.
They provided a segregation map which can predict, for
the fluidization of the Chelamine, that the loaded resin
remains, for whatever superficial velocity, below the
unloaded resin. The metal adsorption provides thus, an
additional stratification of the fluidized bed. Selke [38]
arrived at the same conclusion for a fluidized bed
adsorption of copper to the resin Amberlite IR-120.
4. Conclusions
The adsorption of heavy metals to the resin
Chelamine is very well described by a model consider-
ing a Langmuir isotherm and an adsorption rate gov-
erned by film mass transfer. The mass transfer
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Fig. 9. Adsorption of copper to the resin Chelamine (Run 2); comparison between the stirred tank model, the plug flow model and the plug flow
model with back mixing of the solid; external transfer kinetics model.
coefficient kL is about five times larger in a CSTR
than in a fluidized bed. These kL values correspond to
the ones obtained through literature correlations.
The hydrodynamic behaviour depends on the reac-
tor type: an ideal stirred tank model for the CSTR
experiments and a plug flow model with immobile
solid for the fluidized bed adsorptions. A gradient of
resin density, due to the decrease in particle radius
with the progress of the metal adsorption, stabilizes
the fluidized bed. The natural stratification of the
resin allows 90% use of the resin capacity with an
outlet concentration smaller than the water quality
standard. If this stratification didn’t occur, leading to
back mixing of the solid, this proportion drops to
60%. The process STREAMLINE™ developed by
Pharmacia [39] confers artificially the same property
to the solid, which is unevenly weighted down by
incorporating quartz in the resin. A further advantage
of naturally occurring stratification of the resin
Chelamine is if loaded resin has to be withdrawn at
the bottom of the reactor for a regeneration in an-
other column.
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Further work is now carried out in a fluidized bed
column equipped with internals: higher superficial ve-
locities (up to five time larger than in a classical
fluidized bed) can be used for the fluidization of the
resin Chelamine. The adsorption model developed in
this paper will be applied to experiments done in the
modified fluidized bed.
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Appendix A. Nomenclature
a surface of the particles per reactor
unit volume (m2 m3)
Archimedes numberAr
r(rapr)gdp3:m2
c cations concentration in the bulk of
the solution (mol m3)
cations concentration in the bulk ofc*
the solution at equilibrium
(mol m3)
cations concentration per unit vol-ci
ume of liquid inside a particle
(mol m3)
c0 cations concentration at the inlet of
the reactor (mol m3)
D e effective diffusion coefficient
(m2 s1)
DL diffusivity coefficient at infinite dilu-
tion (m2 s1)
Damko¨hler I numberkLat:orDaI
normalized cations concentration atf
the outlet of the reactor
h fluidized bed height (m)
settled bed height (m)h0
kf forward rate constant
(m3 mol1 s1)
kL liquid film mass transfer coefficient
(m s1)
kr reverse rate constant (s1)
Kd dissociation constant (mol m3)
m mass of resin in the reactor (kg)
number of particles present in thenp
reactor
number of slices (finite differencesN
method)
Q flow rate (m3 s1)
q* resin loading at equilibrium
(mol kg1)
qi metal amount per unit weight of
dry resin (mol kg1)
q0 metal amount per unit weight of
dry resin (in equilibrium with metal
concentration c0) (mol kg1)
maximum resin capacity (mol kg1)qm
resin radial co-ordinate (m)r
mean radius of the particles (m)rp
time (s)t
liquid superficial velocity (m s1)u
V volume of the reactor (m3)
z column axial co-ordinate (m)
Greek letters
particle porosityop
settled bed porosityo0
reactor porosityor
dimensionless timeo
apparent particle density (kg m3)rap
rp mass of dry resin per unit volume
of swollen particle (kg m3)
reactor residence time (s)t
tm reactor molar residence time (s)
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